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Integration of extreme weather event risk
assessment into spatial planning of
electric power infrastructure

This article examines practical measures for integrating
risk assessment of extreme weather events into spatial
planning. An approach that integrates risks due to ice
storms into spatial suitability analysis is presented in two
case studies: in siting transmission and distribution power
lines, and in siting windfarms. Assessment of risks to the
power grid due to ice storms is carried out first. The results
of the risk assessment are then used as a basis for analys-
ing proposed alternatives for siting high-voltage power
lines and as input in analysing the suitability of space for
siting windfarms. The results of a cost-benefit analysis of
various alternatives for siting windfarms (an alternative
that takes risks due to ice storms into account and one

that does not) show that the damage caused by extreme
weather events has a significant impact on the economic
viability of a plan. There are two options for integrat-
ing risk assessment results into planning electric energy
infrastructure: by updating engineering standards and by
avoiding areas where greater damage to infrastructure due
to extreme weather events is expected. Risk assessment
provides important information that can affect decisions
about land use and decisions about technical measures for
enhancing the physical resilience of infrastructure.

Keywords: spatial planning, risk assessment, extreme
weather events, energy infrastructure, vulnerability
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1 Introduction

Gradual climate change with rising mean temperatures and
changed precipitation patterns is expected to impact electric-
ity supply and demand as well as its price, accessibility and
transmission or distribution (Feeley et al., 2008; Wilbanks
et al., 2008; Kopytko & Perkins, 2011; Riibbelke & Vogele,
2011; McColl et al,, 2012; Schaeffer et al., 2012). Extreme
weather events (EWE) such as strong wind, heavy rainfall or
snow, ice storms, hail and so on or various combinations of
these extreme conditions may cause damage to hydroelectric
power plants, coal-fired power plants, nuclear power plants,
wind turbines, solar panels, power lines and substations (Auld
etal,, 2006; McColl et al.,, 2012; Schaeffer et al., 2012; Interna-
tional Atomic Energy Agency (IAEA), 2013; Patt et al., 2013;
Sieber, 2013). According to the Intergovernmental Panel on
Climate Change (IPCC; 2012, 2013), both the intensity of
EWE and the frequency of EWE with specific intensities have
recently increased, and this trend is expected to continue in the
future. Energy infrastructure has a long lifespan and decisions
about its location and technical implementation made now
will have long-term consequences. This is why gradual climate
change and EWE should be taken into account in the planning
process, which demands an analysis of various adjustments and
adaptation measures (Auld et al,, 2006; Wilbanks et al., 2008;
Riibbelke & Vogele, 2011; Schaeffer et al,, 2012; IAEA, 2013).
Building energy infrastructure that is resilient to gradual cli-
mate change and EWE is one of the key adaptation measures of
the energy sector (Auld et al., 2006; Cortekar & Groth, 2015;
Panteli & Mancarella, 2015), which is also pointed out in in-
ternational and national policies such as the United Nations
Framework Convention on Climate Change (2014), the EU
Strategy on Adaptation to Climate Change (European Com-
mission, 2013) and the US Draft Climate Change Adaptation
Plan (United States Environmental Protection Agency (EPA),
2012a). The Slovenian draft national energy programme (sce
Jozef Stefan Institute, 2011) listed “reliable energy service in
extreme conditions, such as natural disasters” among the goals
for reliability of the energy supply. The draft national energy
programme prepared in 2011 was not adopted and therefore
not implemented. The decision-making process about the draft
national energy programme was stopped after public discus-
sion and transboundary impact assessment, and the document
remained at the draft level. The energy sector development
document still in force is the Resolution on the National En-
ergy Programme (Sln. Resolucija o Nacionalnem energetskem
programu, Ur. 1. RS, no. 57/2004), which was adopted in 2004.
It will be replaced by the Energy Concept of Slovenia (Sln.
Energetski koncept Slovenije), which is being prepared. The Pro-
posal for Guidelines for Preparing the Energy Concept (Sln.
Predlog usmeritev za pripravo Energetskega koncepta, Ministry
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of Infrastructure of the Republic of Slovenia, 2015) lists a reli-
able energy supply among the goals for a sustainable energy
sector. This goal should be attained via development of a reli-
able power grid and the use of dispersed energy sources. The
resilience of infrastructure to EWE is not explicitly mentioned.

There are, in general, two approaches to preventing damage to
power infrastructure: 1) technical (mechanical) improvement
of the components, making them more robust and resistant
to physical stress, and 2) considering the physical location of
infrastructure and locating it to places where its vulnerabil-
ity to gradual climate change and EWE is lower (Auld et al.,
2006; IAEA, 2013). Operationally, the second option is re-
lated to spatial planning. Planning land use that takes into
account risks due to various factors is more cost-effective
than structural measures for risk reduction (Sudmeier-Rieux
etal,, 2015). Studies on integrating risk assessment into spatial
planning (ARMONIA; Lancaster University, 2007; Sutanta
et al, 2010; Storch & Downes, 2013; Prawiranegara, 2014)
have concentrated on developing a decision-support system
and not specifically on the use of risk-assessment results for
allocating new facilities. We focus on this particular issue with
the aim of filling the gap by showing how existing approaches
in land-use planning can be adjusted to take into account the
results of risk assessment of gradual climate change and EWE.

The research background and connected hypothesis is as fol-
lows: it is rational and feasible to integrate risk assessment
into spatial planning in order to reduce damage to energy in-
frastructure caused by EWE. The article starts by presenting
the importance of spatial planning in reducing risks posed by
gradual climate change and EWE and the use of risk assess-
ment in spatial planning. These two fields are then connected
by developing a method for integrating them. The use of the
method is presented in a case study on risks to energy infra-
structure due to ice storms in Slovenia. In the case study, risk
assessment is used to support analysis of proposed alternatives
of a planned high-voltage power line and for determining the
most suitable locations for siting windfarms. This is followed
by a cost-benefit analysis of three development alternatives:
one that takes risks due to ice storms into account by siting
windfarms (no wind turbines are located in areas with high
risk); one that includes technical measures for damage preven-
tion or reduction in areas with high risk; and one in which risks
are not considered. The presentation of the results is followed
by a discussion of the usefulness of the proposed approach and
its strengths and weaknesses. The conclusion proposes direc-
tions for further research.
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2 Theoretical background

2.1 Therole of spatial planning in adapting
to gradual climate change and extreme
weather events

Spatial planning has been recognised as a basis for adaptation
to climate change in research literature (Biesbrock et al., 2009;
Wilson & Piper, 2010; Hurlimann & March, 2012; Rastandeh,
2015) and in several strategic documents; for example, the
Green and White Paper of the European Commission (Eu-
ropean Commission, 2007, 2009) and the Territorial Agenda
of the European Union (European Commission, 2011). In
Slovenia too, spatial planning has explicitly been pointed out
as a priority of adaptation because it offers important pre-
ventive instruments for adapting to climate change through
integrated planning and urban development (Government Of-
fice of the Republic of Slovenia for Climate Change, 2011;
Kajfez-Bogataj et al,, 2012). A great number of studies about
the effectiveness of spatial planning in climate change adapta-
tion have been carried out at the international level (e.g., In-
ternational Commission for the Protection of the Alps, 2010;
Piitz et al,, 2011; Linkaits, 2013), as well as at the national
level (e.g., Rivera & Wamsler, 2014; Flannery et al., 2015; Ku-
mar & Geneletti, 2015), regional level (e.g., Rannow et al,,
2010; De Bruin et al.,, 2013) and local level (e.g., Wilson, 2006;
Andersson-Skold et al,, 2015; Dubois et al., 2015). In Slovenia,
spatial planning as a tool for adapting to climate change was
analysed by Mojca Golobi¢ et al. (2012). The authors of these
studies state that spatial planning is an activity with the abil-
ity to help society and the economy with adaptation to land-
use change, prevention of natural disasters and integration of
various fields into planning (Rannow et al., 2010; Piitz et al,,
2011; Greiving & Fleischhauer, 2012; Serrao-Neumann et al.,
2015). They point out that some spatial-planning instruments
already include measures for adapting to climate change but
these measures are not sufficient or are not suitably imple-
mented in order to transfer adaptation into practice (Wilson,
2006; Rannow et al., 2010; Golobi¢ et al., 2012, Piitz et al.,
2011). The same authors conclude that it is necessary to make
a step from the strategic level towards consistent implementa-
tion of adaptation by means of spatial planning at the opera-
tional level. Sven Rannow et al. (2010) argue that assessment
and use of data about the frequency and intensity of extreme
events are limiting factors for spatial planners and they pro-
pose using findings of other disciplines in order to take EWE
into account. In spatial planning legislation, climate change is
addressed implicitly — as a part of protection or restoration
of the natural environment, protection of settlements against
natural disasters, and environmentally and economically suit-
able spatial development (Government Office of the Republic
of Slovenia for Climate Change, 2011).
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2.2 Risk assessment and integrating it into
spatial planning

A great number of studies about risks due to natural and/
or anthropogenic extreme events have been carried out in
the past two decades. Many of these studies were carried
out with the support of international organisations, such as
Nato (Briggs et al., 2002), the European Union (the rescarch
projects Accidental Risk Assessment Methodology for Indus-
tries, or ARAMIS, 2002-2005; Sharing Experience on Risk
Management (Health, Safety and Environment) to Design
Future Industrial Systems, or SHAPE-RISK, 2004-2007;
ARMONIA, 2004-2007; Early Recognition, Monitoring
and Integrated Management of Emerging, New Technology
Related Risks, or iNTeg-Risk, 2008-2013; Technology Op-
portunities and Strategies Towards Climate-Friendly Trans-
port, or TOSCA, 2010-2013; Coordination of European
Research on Industrial Safety towards Smart and Sustainable
Growth, or SAFERA, 2012-2015), the United Nations Of-
fice for Disaster Risk Reduction (UNISDR) and the Inter-
national Atomic Energy Agency (CRP Techno-Economic
Evaluation of Options for Adapting Nuclear and Other Energy
Infrastructure to Long-Term Climate Change and Extreme
Weather, 2012-2015). The body of scientific literature about
risk assessment is also extensive; it studies risks due to vari-
ous extreme events; for example, erosion (Alder et al., 2015),
floods (Camarasa-Belmonte & Soriano-Garcta, 2012; Zhou
et al,, 2012; Canters et al,, 2014; Prawiranegara, 2014; Foudi
et al., 2015), forest fires (Thompson et al,, 2015) and others.
These studies place great emphasis on developing methods to
reduce the consequences of various types of extreme events.
Melanie Gall et al. (2015) studied interdisciplinary research on
risks in the past fifteen years that connected various research
fields, methods and stakeholders. They conclude that there is
a large gap between research and implementation in practice.
Even though most of the these articles stress that the risk-
assessment methods they have developed and presented may
be used as decision support and could be included in spatial
planning (e.g., Camarasa-Belmonte & Soriano-Garcia, 2012;
Alder et al,, 2015; Foudi et al,, 2015; Thompson et al., 2015),
this integration is not further explored. Most studies that ad-
dress integrating risk assessment into spatial planning (Lancas-
ter University, 2007; Sutanta et al., 2010; Storch & Downes,
2013; Prawiranegara, 2014) focus on designing decision sup-
port systems based on maps of integrated hazards or risks and
not on developing methods for finding suitable locations for
specific activities, uses or facilities. Marisa Berry and Todd Ben-
Dor (2015) included projections of sea level rise and inundated
areas due to storm surges into spatial suitability analysis, but
this mostly means siting activities away from the coast and
lower lying areas; their study takes into account neither the
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probability of occurrence of storms nor their consequences.
Stefan Greiving et al. (2006) believe that risk assessments car-
ried out by professionals from various fields are not ready to
be used in spatial planning; transfer of information about risks
into the language of spatial planning is needed in order to use
this information in the planning process. This problem was
addressed by Davor and Branko Konti¢ (2008) in a case study
of risks due to industrial accidents. The approach presented
in this article builds on and further develops their method
by focusing on risks due to extreme natural events. We pre-
sume that integrating gradual climate change and EWE into
the spatial planning of energy infrastructure would optimise
their efficiency and prevent or decrease possible damage. This
article presents an approach for choosing suitable locations for
siting energy infrastructure that was developed and tested in
a case study of risk to energy infrastructure due to ice storms
in Slovenia.

3 Methods

The method integrating risk-assessment results into spatial
planning is based on the approach developed in a case study of
risks due to industrial accidents by Konti¢ and Konti¢ (2008).
By using spatial planning tools, they tried to prevent or mini-
mise the consequences of industrial accidents in the vicinity
of organisations in the category of higher risks according to
Council Directive 96/82/EC of 9 December 1996 on the
control of major accident hazards involving dangerous sub-
stances (Seveso II Directive, Official Journal of the EU, no.
10/1997). We further developed their approach and adapted
it for risk assessment of extreme events as consequences of
natural processes with a focus on risk due to EWE. The termi-
nology used in this article has different meanings in different
contexts or fields. In risk assessment the terms 7isk, hazard and
vulnerability are defined as follows:

o A risk is the likelihood of occurrence (expressed in fre-
quency or probability) of specific consequences as a result
of exposure to a specific stressor or hazard (EPA, 2012b;
UNISDR, 2014);

o A hazard is a dangerous phenomenon, substance or ac-
tivity that may cause adverse consequences (loss of life,
injury or other health impacts, property damage, loss of
livelihoods and services, social and economic disruption
or environmental damage) in a system exposed to the
hazard (UNISDR, 2014);

o 'The vulnerability of a system (e.g., energy infrastructure,
forest, etc.) is the characteristics and circumstances of a
community, system or asset that make it susceptible to the
damaging effects of a hazard; possibility that the exposed
subject or system may be affected by the phenomenon in
case of exposure (Cardona, 2003; UNISDR, 2014); the
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purpose of determining the vulnerability of a system is
to reduce risk by using technical measures or adjustment
of existing land use.

The IPCC (2007) provides a different definition of vulnerabil-
ity to climate change. Vulnerability is assumed to be the result
of three factors: 1) a function of the character, magnitude and
rate of change that a system is exposed to, 2) the sensitivity of
a system and 3) its adaptive capability. Each of these factors is
assessed based on criteria and indicators that can be described
with qualitative or quantitative data. Spatial or environmental
vulnerability is a term used in spatial planning defining po-
tential negative effects that the proposed development plan
may have on individual environmental components and the
environment as a whole at a specific location. This article uses
two terms: vulnerability of a system as defined in risk assess-
ment and spatial or environmental vulnerability as defined in
spatial planning.

3.1 Method for assessing risk to energy
infrastructure due to extreme weather
events

The method for assessing risk to energy infrastructure due to
extreme weather events was tested in a case study of risk to
energy infrastructure posed by ice storms. The method com-
prises four steps:

1. Determining the geographic scope and intensity level of an
extreme weather event based on data from past occurrences.
The intensity level of each EWE (e.g., mass, force, tempera-
ture, burden due to glaze ice, strong wind, heavy snow, heavy
rain storm, etc.) is represented on GIS-based maps (see
Figure 1), in which each cell is evaluated on a scale from
1 (low) to 4 (high) for physical burden on the electric en-
ergy infrastructure. The size of the cell depends on the size
of the arca analysed and the detail of the analysis. In the
analysis presented here, which was carried out at the level
of all of Slovenia, the cell measured 100 m x 100 m. The
data were obtained from archives about past EWE. We used
data about locations of damaged power lines and elevation
above sea level where the damage was present. The events
were categorised into classes of intensity based on financial
damage caused by a specific event. The thresholds of these
categories were determined according to the amount of fi-
nancial means allocated by transmission and distribution
companies for infrastructure maintenance.

2. Analysis of the vulnerability of the electric energy in-
frastructure and the location and the environment in
which the infrastructure is situated to a specific EWE.
The purpose of this step is to determine whether the energy
infrastructure at a specific location is able to withstand an
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Data about the events

. i . Category of Category of Risk
Date Location Financial loss (€) intensity frequency index

19 Nov. 1972 Tezno 528,000 2 3 2

5 Nov. 1980 Brkini 33.5 million 3 3 3

13 Nov.-14 Nov. 1 ldrija area, 12 2 2

3 Nov.- ov. 1985 Cerkno area 0,000 3

All of Slovenia

30Jan.-8 Feb.2014 | except the Littoral 214 million 4 1 3
and Prekmurje

b

Transfer of the events to a map
and attribution of categories

1 2 3i4

1 [

>
5=
%)
o
[}
)
1=

4

Tisk map

Risk index
4

&
L

Combination <

Frequency

Figure 1: Risk assessment steps (illustration: Marusa Matko).
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EWE of a given intensity level. A particular EWE can cause
direct, primary damage to energy infrastructure as well as
secondary damage due to environmental damage (e.g., fall-
ing trees or erosion), which causes additional structural and
other damage and loss to the energy infrastructure. The
vulnerability of infrastructure, in terms of primary damage,
can be specified and evaluated by using construction and
other engineering or quality standards, whereas vulnerabil-
ity due to destruction of environmental features (i.., sec-
ondary damage) is more complex and is affected by several
factors. In the case of glaze ice, damage to forests has been
used as a determinant or indicator of environment-related
vulnerability. Vulnerability is expressed as the ratio of the
expected level of damage or loss of the infrastructure to
the maximum possible damage or loss and is expressed on
a scale of 1 to 4. The results are represented on GIS-based
maps for various EWE at specific locations (see Figure 1).

3. Assessment of the probability or frequency of occurrence
of an extreme weather event at a particular site or region
where specific energy infrastructure is, or will be, located.
Based on historical data about EWE, the frequency or prob-
ability of occurrence of various types of EWE is calculated.
The results are presented on maps.

4. Integration of the three steps above, with the aim of de-
termining physical and other (e.g., economic or health)
consequences that will lead to the specification of a risk
index pertaining to the particular area and infrastructure.
The risk index integrates the intensity of an EWE and the
vulnerability of energy infrastructure to the specific in-
tensity level of an EWE, the frequency or probability of
occurrence of an EWE and consequences; that is, social
damage due to damaged infrastructure. These combinations
are similar to the standard risk matrices used for integrating
the frequency or intensity of events with the consequences
of these events.

Practical implementation of risk assessment of the four selected
icing events and the damage caused by them is presented in
Figure 1. First, data about the occurrences of ice storms, their
locations and the damage they caused were obtained. Each
event was then drawn on a map in a GIS environment (see
Figure 1) and categorised into a class of intensity based on
the damage it caused (which depends on intensity of the event
and vulnerability of a system). Each event was categorised into
a class of frequency of occurrence. In Figure 1, hatching (line
fill) is used to represent the intensity and frequency of selected
events in order to show the spatial distribution of events, which
has impact on the final result. Only four selected events are
presented on intensity and frequency maps to facilitate read-
ability; see the paper by Marusa Matko et al. (2015) for data
about all the events. By integrating the categories of intensity
and frequency of the events, we obtained a risk index for each
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event, and risk indices of all the events were then combined
into the end result, a risk map. The risk map in Figure 1 takes
into account all of the icing events that were considered.

Assessment of risks to electric power lines due to ice storms
was carried out using data on the occurrence of damage to
forests and electric infrastructure. This is based on data on
the occurrence of ice storms between 1961 and 2014 collected
by the Slovenian Environment Agency (ARSO) and reports
about damage caused by glaze ice (Sifrer, 1977; Radinja, 1983;
Kern & Zadnik, 1987; Papler, 1996; Bogataj, 1997; Jaksa,
1997; Jakse, 1997; Kastelec, 1997; Lapajne, 1997; Nadizar &
Papler, 1997; Sipec, 1997; Trontelj, 1997a; Trontelj, 1997b;
Zadnik, 1997; Spehar, 1998; Rebula, 2001; Rebula, 2002;
Zadnik, 2006; Habjan & Bahun, 2009; Habjan, 2010; Sin-
jur et al,, 2010; Bahun, 2014; Bahun et al,, 2014; Belak &
Marusa, 2014; Belak et al., 2014; Jakomin, 2014; Zavod za
gozdove Slovenije, 2014 and Elektro Slovenija, 2015), data
about the basic characteristics of a specific event (location af-
fected, damage to forests, size of the area where damage oc-
curred and volume of damaged wood biomass) and damage
to the transmission and distribution network (length of dam-
aged power lines, number of damaged columns and financial
damage as a consequence of physical damage and number of
customers that suffered power loss). Financial damage to the
power infrastructure was calculated according to the average
prices of components of the power grid from Key F (average
price in the electric power network grouped by activities; Sln.
Sifrant F — povpreina cena po skupinah del v elektroenergetskem
omregju, Administration of the Republic of Slovenia for Civil
Protection and Disaster Relief, 2014) used for calculating dam-
age caused by the 2014 ice storm. Financial damage to forests
was calculated from data on physical damage to forests, using
the average price of wood biomass in Slovenia over the last
decade, which amounts to about EUR 50/m’ (Statistical Of-
fice of the Republic of Slovenia, 2015). Damage to forests was
addressed separately from that to power lines; risk assessment
was carried out and a risk map was prepared for each sector
separately and then aggregated to yield the final result. Based
on physical damage to forests and to the electric infrastructure
leading to financial damage, the events were categorised into
classes from 1 to 4 (in which class 1 represents the lowest
and 4 the highest intensity level of ice storm). The frequency
of occurrence of each event in the observation period (1961~
2015) was calculated. Based on the frequency of occurrence,
events were then categorised into classes from 1 (very low
frequency) to 4 (very high frequency). These were then com-
bined with the consequence categories using a matrix and the
result was the categorisation of each event into a class of risk
index (1 = lowest risk, 4 = highest risk). The events arranged
based on the risk index were then drawn on a map, and the
end result is the risk map presented in Figure 2.



Integration of extreme weather event risk assessment into spatial planning of electric power infrastructure 1 0 1

125 25

Standard
7 Zone 2
Zone 3
Risk index

1
2
[ JE
I 4

il
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Figure 3: Map of risks to electric energy infrastructure due to ice storms and proposed alternatives of the 400 kV Bericevo-Divaca power
line (illustration: Marusa Matko).
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3.2 Method for integrating the results of risk
assessment into a spatial suitability analysis
for a specific activity

A spatial suitability analysis for wind farm siting in Slovenia
was carried out first. In Slovenia, analysis of suitability of space
for a specific activity has been in practice since the early 1990s.
It consists of two components: analysis of spatial attractive-
ness for a specific activity and analysis of vulnerability of the
environment to this activity. The analysis of spatial attractive-
ness evaluates the characteristics of an area in the context of
technical and economic feasibility or attractiveness for the
proposed development project. Analysis of environmental
vulnerability, on the other hand, determines how vulnerable
the same area is to this activity and serves as an early warn-
ing system to avoid excessive environmental impacts in the
area where the project is to be implemented. The synthesis of
spatial attractiveness and environmental vulnerability analysis
is optimised by means of a suitability matrix into a spatial
suitability model. The overall process is GIS-supported. The
suitability analysis method and process are not described in
detail because they followed standard approaches (Marusi,
1993; Marusi¢ et al., 1993; Koblar et al, 1997; Marusi¢
et al.,, 2004). The criteria taken into account in the analysis of
spatial attractiveness for siting wind farms are: wind condi-
tions (average annual wind speed according to the AIOLOS
and Aladin, or DADA, models; areas with a wind speed of
S m/s or more are the most attractive), land cover as a factor
contributing to roughness of surface, the vicinity of a high-
voltage electric power grid (power lines and substations), ac-
cessibility or the vicinity of roads, slope, geologic material, soil
stability, the presence of water erosion and areas subjected to
flooding. In the environmental vulnerability model, we took
into account wildlife corridors, bear habitats, data on bird
habitats prepared by DOPPS (Birdlife Slovenia), ecologically
important areas, Natura 2000 sites protected under both the
Birds Directive and the Habitats Directive, natural protected
areas, the human living environment (settlements, tourist at-
tractions, cultural heritage and water source protection areas),
visual qualities (exceptional landscapes, areas under complex
protection of cultural heritage and protected areas, especially
visually exposed areas visible from frequently visited points),
the hydrosphere, the pedosphere and potentials of land for use
and development. Risk assessment was incorporated into suit-
ability analysis as its third component; we excluded the most
suitable areas where the risk was high (risk index 3 or 4) from
the baseline suitability model for siting wind farms. For the
baseline version of suitability (which does not take risk into ac-
count) and for the second one (which takes risk into account)
we calculated the total area of places where wind farms (with
an installed capacity of at least 10 MW) could be built. In the
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calculations we used an E-70 wind turbine with an installed
capacity of 2.3 MW produced by the German manufacturer
Enercon (like the existing wind turbine in Dolenja Vas near
Senozecte). We searched for locations where at least five such
wind turbines could be built. Existing wind farms occupy on
average between 12 and 57 ha/MW (Denholm et al,, 2009).
Data about the distance between turbines that can be found in
the literature range from three to fifteen rotor diameters (De-
partment of the Environment, 2007; Christie & Bradley, 2012;
Meyers & Meneveau, 2011). We assumed that the distance
between sample turbines in a row would be 215 m (three ro-
tor diameters) and 355 m between rows (five rotor diameters),
which means that we searched for locations measuring at least
200 m x 1,000 m (for siting five wind turbines in a row) or
500 m x 600 m (for siting five wind turbines in a cluster)
among areas with the highest suitability on the spatial suitabil-
ity map for siting wind farms. However, in Slovenian practice
wind turbines in plans for siting wind farms are usually spaced
wider apart. In the Senoze¢e Hills, for example, more than
three or four turbines per km* were planned at first, but due to
the diverse terrain with other limitations wind turbines could
not be spaced so densely. The last version of the plan for the
Senozece Hills specifies several different densities per km?, at
some locations only one wind turbine and at some even no
wind turbines. We calculated the investment and maintenance
costs and the amount of energy produced for both versions
of spatial suitability (with and without integration of risks)
and, for suitability that does not take risks into account, also
additional costs due to physical damage as a consequence of
a severe ice storm. A third option for siting wind farms was
analysed as well; a system for detecting and preventing ice ac-
cretion would be integrated into wind turbines in areas with
higher risks whereas regular wind turbines would be built in
other locations.

3.3 Cost-benefit analysis

Accretion of ice on wind turbines can lead to complete stop-
page of turbines, resulting in significant energy loss, decreased
power production due to disruption of aerodynamics and
shortening the lifetime of the components, and uncontrolled
ice throw from rotating blades poses a serious safety issue to
people and facilities in the vicinity (Dalili et al., 2007; Griine-
vald et al,, 2012). In November 2013, ice storms caused sig-
nificant damage to wind turbines and the transmission system
in Texas, which led to shutting down two wind farms with a
combined capacity of 78 MW. Estimates to fix the damage
exceeded the economic value of the projects at both facili-
ties (Micek, 2014). A system for detecting ice accretion on
rotor blades and preventing ice accumulation is available for
modern wind farms (Deutsche WindGuard, 2011). To sup-
port the decision-making process about wind farm siting, we
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Figure 5: Spatial suitability for siting wind farms with consideration of risks due to ice storms (illustration: Marusa Matko).
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calculated how possible damage can affect the amount of ener-
gy produced and financially expressed damage due to possible
repairs for both spatial suitability alternatives for siting wind
farms in Slovenia. We analysed an additional alternative with
a system for detecting and preventing ice accretion built into
turbines located in the areas with highest risks. We considered
a period of 25 to 50 years (rounded figures) because severe
damage can occur during this period (risk index 3, when dam-
age to the transmission and distribution system amounts to
between EUR 1 million and 10 million, frequency 0.037/year
and risk index 4, when damage is higher than EUR 10 million,
frequency 0.0185/year). The costs of construction, operation
and maintenance were taken into account for all three alterna-
tives for siting wind farms: the first one, which considers risk
due to ice storms, the second one with a technical improve-
ment (a system for detecting and preventing ice accretion) for
wind turbines in the areas with the highest risk and the third
one, which does not consider risk. Calculation of investment
costs is based on data about investment in the existing wind
turbine in Dolenja Vas near Senoze¢e (Ministry of Infrastruc-
ture of the Republic of Slovenia, 2013) and calculations by the
National Renewable Energy Laboratory of the US Depart-
ment of Energy (Moné et al., 2015). Investment costs amount
to approximately EUR 3 million per wind turbine. A system
for detecting ice and preventing its accumulation on turbines
increases investment costs by 2 to 6% but it does not signifi-
cantly affect the maintenance and operation costs (Eriksson,
2013). We used an average value of 4% in our calculations. The
energy used for heating the rotor blades was not taken into
account (pulsing, short-term impact). The availability of such
wind turbines is slightly higher than those of turbines without
an ice detection and accretion prevention system because of
the energy used for heating and thawing glaze ice. The range
of operation and maintenance costs is relatively high in the
available literature. Ryan Wiser and Mark Bolinger (2014),
for example, analysed empirical data about wind farms in the
US and found that the maintenance and operation costs of
wind farms built after 2010 amount to USD 23/kW annually.
The data they considered did not always clearly state what is
included in these costs, but in most of these cases mainte-
nance and operation costs consist of wages, materials and rent.
Christopher Moné et al. (2015), on the other hand, state that
the figure from the aforementioned study considers only vari-
able costs and does not include insurance, taxes, rents and am-
ortisation. They calculated maintenance and operation costs
considering these factors and the result was USD 50/kW an-
nually. The costs of unplanned maintenance included random
failures, but it is not clear from the study whether their cause
can be EWE. In another study by the International Energy
Agency (IEA, 2015), analyses of operation and maintenance
costs in Denmark, Germany, Ireland, Norway, the European
Union and the US were carried out. In 2012, annual costs of
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maintenance and operation were EUR 55.9/kw in Germany,
EUR 55/kW in Ireland and USD 50/kW in the US. Data for
some of the countries analysed were not provided due to high
uncertainty. We used a value of EUR 56/kW in our calcula-
tions. Nick Middeldorf and Andreas Diiing (2012) assumed
that the land for building wind turbines would be purchased
and that these costs are part of the investment. They included
the maintenance contract with the turbine manufacturer, in-
surance, and energy and management costs in the maintenance
and operation costs. According to their findings, annual costs
of operation and maintenance for the Enercon E-70 wind
turbine are EUR 13,000 in the first two years of operation
and EUR 24,000 later on. We used all four sources of data in
our calculations and compared one to another. These data are
sufficient for the level of detail of our research, but for more
detailed analyses consensus should be achieved on which main-
tenance and operation costs should be considered in Slovenia
based on existing wind power plants and planned projects.
The price of electric energy was calculated based on data on
the market price of electric energy between 2009 and 2015
published by the Energy Agency of the Republic of Slove-
nia (Borzen, 2015), which is approximately EUR 50/MWh.
There exists a feed-in tariff for large wind farms (EUR 52.64/
MWh in 2015), but due to uncertainties connected to future
subsidies only the market price was considered in calculating
the net present value (NPV). Consideration of subsidies in
calculating the NPV would significantly affect the end result
because the price of electric energy that includes subsidies is up
to twice as high as the market price. In the period of observa-
tion, a discount rate of 2% was taken into account, which is
the goal of the European Central Bank for the euro area. In
the case of an ice storm, 190 wind turbines located in high-
risk areas would be repaired. A turbine represents 68% of the
entire investment (Moné et al,, 2015), which amounts to a
total of EUR 388 million.

4 Results
4.1 Risk to electric energy infrastructure due to
ice storms

The result of the analysis of ice storms in terms of their inten-
sity level and frequency of occurrence is the risk map presented
in Figure 2. In the areas in white (Prekmurje and the coast),
no damage was caused by ice storms in the period observed.
On the other hand, greater damage (more than EUR 10 mil-
lion) occurs most often (more than 0.2 times per year) in the
darkest areas (the Brkini Hills, the hilly area near Idrija and
Cerkno, and the surroundings of Logatec). Most of Slovenia
has a risk index of 1 (light grey): damage to electric energy
infrastructure is relatively low and occurs up to 0.2 times per
year. The map of risk to electric energy infrastructure due to
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ice storms was overlaid by the map of glaze ice zones according
to standard SIST EN 50341-3-21 for building high-voltage
overhead lines (Slovenian Institute for Standardisation, 2009)
as shown in Figure 2. The standard divides Slovenia into three
zones based on the burden that should be considered in de-
signing power lines. In Zone 1, the burden due to glaze ice is
relatively small and did not cause any physical damage to power
lines in the past. In Zone 2, a high burden due to glaze ice is
expected, which damaged power lines in the past. In Zone 3,
a very high burden is expected based on meteorological con-
ditions, geographic location and long-term experience. Such
burdens caused significant damage to power lines in the past.
Based on the findings from our risk assessment, it would be
recommendable to update the standard: to extend Zone 3 to
areas where the risk due to ice storm is the highest. Based on
the data obtained, analyses and calculations carried out and
the synthesis of results, we compared two proposed national
spatial plan alternatives for upgrading the 400 kV Beric¢evo—
Divaca power line (Figure 3) in order to present the use of
the described risk assessment in spatial planning for selecting
the most suitable corridor. Considering the results presented
in Figure 2, the southern corridor is more suitable for siting
the new high-voltage Beri¢evo-Divaca power line.

4.2 Spatial suitability for siting wind farms

The map of spatial suitability for siting wind farms that takes
risk due to ice storms into account is presented in Figure 4.
Slovenia has approximately 68 km® suitable for building
wind farms. Among these are areas suitable for siting at least
five E-70 wind turbines manufactured by Enercon (e.g., the
wind turbine in Dolenja Vas). The total area of these terri-
tories (without consideration of risk) is about 31 km® Four
hundred five sample turbines could be built there. Their total
installed capacity would be 930 MW and their total annual
electric energy production (assuming that they would operate
for 1,800 hours per year) would amount to 1.68 TWh. If high-
risk areas are excluded, there are altogether 17 km? suitable for
building at least five wind turbines. These areas are presented
in Figure 5. Two hundred fifteen wind turbines could be built
there with a total installed capacity of 495 MW. Their total
annual production of electric energy would be 890 GWh.

4.3 Results of cost-benefit analysis

Table 1 presents data about the NPV of costs and benefits for
all three alternatives of siting wind farms without considera-
tion of the occurrence of ice storms and with this considera-
tion (in the latter case, the wind farms would be located outside
high-risk areas and technical improvements for de-icing are
included in the analysis). In the first alternative, in which wind

farms would be located in all the most suitable areas including
those with the highest risk (the darkest areas in Figure 2), costs
are higher than benefits according to all data sources consid-
ered. The alternative that considers risk by including technical
improvements (a rotor blade heating system) has a positive
net present value (EUR 247 million) if low maintenance and
operation costs are taken into account (Middeldorf & Diiing,
2012), the NPV is EUR 42 million if costs according to Wiser
and Bolinger (2014) are considered, and the NPV is negative
if costs calculated by Moné et al. (2015) and IEA (2015) are
taken into account (negative EUR 403 million and negative
EUR 605 million, respectively). The alternative that consid-
ers risk by not locating wind farms in areas subjected to high
risk of ice storms has a positive NPV according to some data
sources (EUR 143 million, Middeldorf & Diiing, 2012, or
EUR 34 million, Wiser & Bolinger, 2014) and negative NPV
according to others (negative EUR 202 million, Moné et al.,
2015, or negative EUR 311 million, IEA, 2015). The practi-
cal impact and result of these findings would be presented in
several versions of Figure 2, depending on the point of views
of investors and operators of wind farms; the primary version
of Figure 2 would be adjusted based on the results of risk as-
sessment and cost benefit analysis (NPV) in accordance with
the number, type, equipment and location of new units. The
expected result would be new maps that would include the
difference between costs and benefits by presenting lower total
costs as a lower category of damage and consequently lower
risk index. These maps would form the basis for investors’ final
decision about investment as well as the basis for approving
detailed spatial plans. To achieve this, the spatial planning pro-
cedure at the level of detailed spatial plans should allow for
iterations of assessment of risk due to EWE.

5 Discussion

The method for integrating risk assessment into spatial plan-
ning of electric power infrastructure that was presented and
tested in this study is transparent and operable and can pro-
vide support in the decision-making process. There are sev-
eral ways of applying the risk assessment results to optimise
electric power infrastructure. Optimisation of electric energy
infrastructure that considers risk can be technical or spatial. In
technical optimisation, the risk assessment results can be used
to revise building codes (Figure 2: map of risk to electric energy
infrastructure due to ice storms), making future facilities physi-
cally more resilient. One measure of technical optimisation is
building wind turbines with an integrated ice detection and
prevention system. The risk assessment results can also serve
to support investment planning of maintenance of the exist-
ing infrastructure. In spatial optimisation, the approach can
be used to compare various alternatives of the plan that has
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Table 1: Comparison of costs and benefits of building wind farms in a twenty-five-year period without taking into account risks due to ice

storms (option 1) and with consideration of the risk assessment results (options 2 and 3).

Option NPV (costs) NPV (benefits)

NPV (difference
between benefits
and costs)

NSV (difference between
benefits and costs in
case of ice storm)

Investment: —EUR 1.215 billion +EUR 1.67 billion

Electric energy sold:

From -EUR 582 to

+EUR 270 million

From —EUR 118 million
to —EUR 970 million

—EUR 185 million (Middel-
dorf & Diiing, 2012)

Costs of main-  —EUR 390 million (Wiser &
tenance + ope- Bolinger, 2014)

. ration: —EUR 835 million (Moné et al.,
1 (wind farms also
. . 2015)
in areas where ice
storms can occur) —EUR 1.037 billion (IEA, 2015)
Costs due toice_gp 388 millon
storm:
Total costs: From EUR 1.4 billion to
’ EUR 2.252 billion
IZEZ' gfo isctem from EUR 1.788 billion to
EUR 2.640 billion
storm
. From —EUR 605 -
Investment: —EUR 1.238 billion Electric energy sold: million to From ~EUR 605 million

+EUR 1.67 billion

+EUR 247 million

to +EUR 247 million

—EUR 185 million (Middel-
2 (wind farms also dorf & Diiing, 2012)
in areas where ice
storms can occur,  Costs of main- —EUR 390 million (Wiser &
but wind turbines tenance + ope- Bolinger, 2014)
in these areas ration: ~EUR 835 million (Moné et al.,
have a system for 2015)
icing detection

and prevention) —EUR 1.037 billion (IEA, 2015)

Costs due to ice

EURO
storm:
Total costs: From EUR 1.423 billion to
) EUR 2.275 billion
. Electric energy sold: Fr?m ~EUR 31 From —EUR 311 million
Investment: —EUR 645 million e million to -
+EUR 886 million - to +EUR 143 million
+EUR 143 million
—EUR 98 million (Middel-
dorf & Diiing, 2012)
3 (wind farms Costs of main- —EQR 207 million (Wiser &
only in areas tenance + ope- Bolinger, 2014)
where ice storms  ration: —EUR 443 million (Moné et al.,
do not occur) 2015)

—EUR 552 million (IEA, 2015)

Costs due to ice EUR 0
storm:

From EUR 743 million to

Total costs: EUR 1.197 billion

Data source for calculation: Middeldorf & Diiing (2012); Wiser & Bolinger (2014); Moné et al. (2015); IEA (2015).
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already been proposed (as shown in the case study for proposed
transmission lines, Figure 3) or it can be integrated into de-
velopment of the plan itself by searching for locations where
damage to the planned facilities will be lower or will not occur.
Operationally, risk assessment is included in spatial suitability
analysis as its third component, but conceptually it is a part of
spatial (un)attractiveness. The method for integrating risk as-
sessment into spatial planning of electric power infrastructure
has been developed in cooperation with Slovenian electricity
production, transmission and distribution companies. They
assessed the approach we presented to them as promising and
they are now running further tests to see how it can be ap-
plied to meet their needs. Testing the applicability in a wider
context should include spatial planners and policy makers. The
results presented can by all means stimulate public discussion
on future energy demands and how to meet them, the energy
mix and the consideration of various risks when choosing ap-
propriate locations for future energy infrastructure.

The risk assessment result (a map of risk to Slovenian electric
power infrastructure due to ice storms) showed which areas
should be avoided in siting new electric energy infrastructure
in order to prevent greater damage and on which existing in-
frastructure to implcment measures to prevent or minimise
damage. Recently, new risk maps have been prepared for
France (Dalle & Admirat, 2011), Italy (Bonelli et al,, 2011),
Switzerland (Griinevald et al., 2012), Canada (Lamraoui et al.,,
2013) and the UK (Nygaard et al, 2014). These maps are
based on meteorological models and/or data obtained from
meteorological stations and show areas where specific ice
load or specific duration of icing is expected. Bjorn Nygaard
et al. (2014) propose using risk maps in developing new build-
ing codes, and Bernard Dalle and Pierre Admirat (2011) and
Paolo Bonelli et al. (2011) propose using them in designing
power lines that are already proposed to be built at specific
locations and in making decisions about technical measures
for preventing ice accretion or its removal, but none of these
authors mention searching for locations for future infrastruc-
ture based on the results of their risk assessments. Dalle and
Admirat (2011) propose using a risk map in organising emer-
gency repairs. Faycal Lamraoui et al. (2013) state that a risk
map can serve as a decision support tool in making decisions
about implementing specific projects but they do not elaborate
this idea further. Thomas Giinevald et al. (2012) propose us-
ing a map of risk due to ice storms in planning wind farms
in combination with maps of wind potential, but they do not
develop the idea in detail. The studies presented mostly address
technological optimisation and not searching for locations for
new electric power infrastructure based on risk assessments,
and this is why it is impossible to compare our results with
others and hence we focus on the strengths and weaknesses of
our approach that we encountered during its testing.

One of the issues raised during the application of the method
presented is the availability of data. Monitoring EWE and the
damage they cause is not standardised. The datasets from elec-
tric power transmission and distribution operators are very het-
erogeneous (they can record the number of customers without
electricity, duration of interruption of power supply, amount
of energy not supplied, and physical or financial loss). Proper
assumptions and adaptations are therefore required before risk
analyses can be undertaken. In the case presented, suitable data
were available only for direct (physical) damage, and therefore
the results show risk categories for the transmission and dis-
tribution companies. If data about energy not supplied were
available, the financial loss suffered by customers and indirect
loss suffered by the economy could be calculated. It would
make sense to standardise the recording of data about damage.
The length of time series of data about damage depends on
a company; data recorded before the existence of electronic
archives are especially difficult to obtain. This can contribute
to lesser accuracy of risk assessment, especially if the operator
with such data is responsible for the infrastructure in locations
where EWE often occur and cause significant damage. Dam-
age caused by EWE to the environment can cause additional
damage to infrastructure. This was taken into account in risk
assessment by considering damage in forests. Available data on
costs of wind turbines are very heterogeneous as well and the
choice of the data source can have a decisive impact on the
net present value of the proposed project, as shown in Table 1.
The sources of data considered in our calculations differ in
their definition of operation and maintenance costs (e.g., some
count land rentals among operation and maintenance costs
whereas others assume that the land would be purchased and
that the land price would be part of the investment costs).
There are also differences between the data depending on the
countries considered in these studies. This is why a discussion
on the data used in the cost-benefit analysis should be held
before making decisions about siting wind farms in Slovenia.
There are additional uncertainties connected to future incen-
tives for using renewable energy sources and therefore only
the market price of electricity in Slovenia was taken into ac-
count in calculations of benefits due to electric power sold,
whereas the subsidised price (which can be two times higher
than the market price) was not considered. In the case of an
ice storm, the costs of wind farms are higher than the benefits.
This finding is consistent with the actual case from practice
when stopping the operation of wind farms was chosen over

their repair (Micek, 2014).

6 Conclusion

The aim of this article was to design, test and present a method
that would integrate risk assessment into spatial planning tools.
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The approach presented proved to be useful in spatial planning
as well as in making decisions about enhancing mechanical
resilience, which includes decisions about maintaining and re-
constructing electric power infrastructure. Our hypothesis that
integrating risk assessment into spatial planning can reduce
the damage to energy infrastructure caused by EWE was con-
firmed. The approach developed was presented in a case study
of ice storms in Slovenia and siting wind farms, but it can be
applied to other types of extreme weather events and various
combinations of these events as well as to various geographi-
cal scales and regions. The application of the method is not
limited to energy infrastructure; it can be used to assess risks
to other critical infrastructure as well as other elements of the
environment, both natural (e.g., forest, soil, watercourses, etc.)
and manmade (e.g., settlements, cultural heritage, etc.). The
level of detail of the risk assessment can be adjusted both in
the geographic scale (size of the area of examination) and in
the level of detail of analyses. Future research should include all
of the aspects mentioned and assess risks due to other types of
EWE causing damage to electric power infrastructure (strong
wind, heavy snow, hail and heavy rain that causes flooding
and erosion) due to combinations of these events and for
other electric power infrastructure (e.g., photovoltaic panels,
hydroelectric power plants and nuclear power plants). The next
step of the research should include an analysis of application
of the approach to designing maintenance and reconstruction
measures for existing infrastructure and to cost-effectiveness
analyses of these measures; for example, a comparison of the
costs of protective measures against potential damage due to
extreme events.

During the research, the question was raised how to address
events that have not been experienced so far. It would be rec-
ommendable to use climate models that simulate changes in
the frequency of occurrence and intensity of EWE, but these
models usually have coarse resolution and are related to uncer-
tainties in future emission scenarios, design of climate models
and their downscaling from the global to regional and local lev-
els, as well as to nonlinear relationships between mean values
and extreme weather events (Mearns et al., 1984; Jones, 2001;
Mitchell et al., 2006; Fowler et al., 2007; Van Aalst, 2006;
Chen et al, 2011; Ceglar & Kajfez-Bogataj, 2012; IPCC,
2012; Sunyer et al,, 2012, and Willems et al., 2012). The cer-
tainty of projections of the occurrence of EWE depends greatly
on the types of extremes and the regions considered (Planton
et al. 2008; IPCC 2012). Modelling impacts of EWE on a
specific system (e.g., agriculture, forests and the energy sec-
tor) constitute an additional source of uncertainty (Fowler
et al. 2007). For better prediction of the impact of climate
change on electric power infrastructure, various combinations
of climate change scenarios and scenarios of future energy and
social development, as well as details of planned energy infra-
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structure, may be used. Some types of electric energy infra-
structure are relatively new (e.g., photovoltaic panels) and little
information is available about their susceptibility to damage
due to various types of EWE. There are also some territories
that have had no infrastructure in the past, but it might be
located there in the future. To reduce the degree of uncertainty,
sufficient reliable data have to be obtained for various loca-
tions and infrastructure as well as for other elements of the
environment. A standardised system for recording data about
the impact of EWE on electric power and other infrastructure
should therefore be proposed to operators of these facilities.
Appropriate caution is necessary when various types of facili-
ties (i.e., power units) are analysed. The results (i.e., risk index
categories) may appear to be equal for all units, but in absolute
terms (e.g., energy not delivered) this is not the case: there
may be differences in orders of magnitude (e.g., comparison
between energy production at a hydroelectric power plant and
the nuclear power plant in Slovenia). Therefore, when inter-
preting risk indices and related costs, the context and energy
infrastructure involved should be specified. It has yet to be
experienced in practice how the method presented can be ap-
plied in formal spatial planning procedures. Consensus with
spatial planners and other stakeholders in procedures should
be achieved about this. Agreement with experts is expected to
be reached quickly, whereas negotiation with administrative
authorities may take longer. We believe that integrating the
approach presented into existing spatial planning procedures
requires only minor adaptations according to specific land-use
planning contexts, levels of detail and needs or expectations.
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